Summary. Extraction of Am(III) and Ln(III) from NaClO 4 medium has been investigated with di(2-ethylhexyl) dithiophosphoric acid, di(2-ethylhexyl) monothiophosphoric acid, di(2-ethylhexyl) monothiophosphinic acid, octylphenyl dithiophosphinic acid and 11 kinds of dialkyl dithiophosphinic acids (alkyl = hexyl, heptyl, octyl, nonyl, 2-ethylhexyl, 1-methylheptyl, phenyl, chlorophenyl, methylphenyl, 2,5-dimethylphenyl, and 3,5-dichloro-4-methylphenyl) in xylene. The effect of chemical structures of those extractants on separation capability has been studied. The relationship between the slope value of the lg D − pH and extraction conditions can be described as: lg S = a lg(C HA /C
Introduction
The separation of lanthanides and actinides is necessary in the field of radioactive waste disposal and radioactive analysis, but the separation of actinides(III) from lanthanides(III) usually is difficult because of their similar chemical properties. However, there is a minor discrepancy between these two groups of elements. Actinides(III) are softer acids compared with lanthanides(III), although they all are hard acids [1] . Therefore, those extractants containing so-called soft donor atoms (N or S) have a better selectivity for actinides(III) over lanthanides(III) [2] [3] [4] . Many studies [5] [6] [7] including a series of our works [8] [9] [10] have verified this viewpoint.
Since Musikas et al. [11] [12] [13] reported the synergistic system of di(2-ethylhexyl) dithiophosphoric acid and tributylphosphate (TBP) had a high separation factor (SF Am/Eu ≈ 50) for Am(III) and Eu(III) in 1985, the extraction with compounds containing sulfur donor atoms has been widely *Author for correspondence (E-mail: xuqichu17@yahoo.com.cn).
# Present address: P.O. Box 69-14, 710024 Xian, P.R. China. investigated. Zhu et al. [14] examined the synergistic effect of di(2-ethylhexyl) dithiophosphoric acid and TBP on the separation of Am(III) from Ln(III), however, the separation factor obtained was less than 50. In 1996, Zhu et al. [5] reported that they had obtained very high separation factors (SF Am/Eu ≈ 5000) for Am(III) and Eu(III) using purified Cyanex 301, whose main constituent is di(2,2,4-trimethylpentyl) dithiophosphinic acid. Jarvinen et al. [15] reported that a separation factor of 1000 was achieved for Am(III) and Eu(III) by combining extraction with dicyclohexyl dithiophosphinic acid and TBP. Modolo et al. [6, [16] [17] [18] found that there were no detectable extraction for Am(III) or Eu(III) from nitric acid medium when three kinds of extractants, diaryl dithiophosphinic acids (aryl = C 6 H 5 − , ClC 6 H 4 − , CH 3 C 6 H 4 − ), were used alone, but high separation factors were achieved by means of the synergistic effects of di(chlorophenyl) dithiophosphinic acid with tributylphosphate (SF Am/Eu > 20), di(chlorophenyl) dithiophosphinic acid with trioctylphosphine oxide (SF Am/Eu = 182), or di(chlorophenyl) dithiophosphinic acid with tris(2-ethylhexyl)phosphate (SF Am/Eu > 2000). Three kinds of dialkyl dithiophosphinic acids (alkyl = n-octyl, 1-methylheptyl, 2-ethylhexyl) were synthesized and very high separation factors (SF Am/Eu ≈ 1 × 10 4 ) were obtained by Tian et al. [7] .
The results mentioned above show that the high separation factor can be indeed achieved by extraction with diakyl thiophosphinic acids. Because only a few kinds of extractants have been investigated, and dissimilar extraction systems have been used by different authors, the effect of chemical structures of those extratants on separation capability has not been studied systematically. In the present work, 12 kinds of organo dithiophosphinic acids were synthesized, and the effect of chemical structure of dialkyl di(or mono)thiophosphinic(or phosphoric) acids on separation capability was displayed.
Experimental Reagents
The structural formulae and abbreviations of 15 kinds of extractants used in this work are listed in Table 1 .
Di(2-ethylhexyl) dithiophosphoric acid (EH-(II)), di(2-ethylhexyl) monothiophosphinic acid (EH-(III)), and di(2- ethylhexyl) monothiophosphoric acid (EH-(IV)) were synthesized by Liaoning University (China). The characteristics of those extractants are shown in Table 2 . Major impurities were checked by GC-MS. 
, diphenyl thiophosphinic acid (Ar-(III)), dichlorophenyl dithiophosphinic acid (Ar-(IV)) and di(3,5-dichloro-4-methylphenyl) dithiophosphinic acid (Ar-(V)) were synthesized in our laboratory according to the procedures reported by Tian et al. [7] or Higgins et al. [19] . Octylphenyl dithiophosphinic acid (OP-(I)) was synthesized with a method designed by our group. The characteristics of those extractants are listed in Table 3 .
Major impurities and purity (%) were also checked by GC-MS.
Considering that the major impurities have no effect on the extraction, these extractants were not purified further, although the purities of SA-(I) and SA-(IV) are less than 99%. Based on their chemical structures, these extractants can be divided into five series (Table 3) . EH-(II), EH-(III), EH-(IV) and BA-(I) comprise 'Ethylhexyl series', whose alkyls are 2-ethylhexyl. 'Straight chain alkyl series' includes SA-(I), SA-(II), SA-(III) and SA-(IV); 'Branch chain alkyl series' includes BA-(I), BA-(II) and SA-(III), and they are isomeric compounds with alkyl groups of 8 carbon atoms. 'Aryl series' consist of Ar-(I), Ar-(II), Ar-(III), Ar-(IV) and Ar-(V). On chemical structure, OP-(I) plays an important role in connecting 'Straight chain alkyl series' with 'Aryl series'. 241 
Procedure

Extraction of tracer amounts of radioactive Am(III) and Eu(III)
The organic solutions were prepared by dissolving certain quantities of extractants in xylene (a mixture of three kinds of isomers). The aqueous solution was 0.1 mol/L NaClO 4 , in which tracer amounts of radionuclides 152 Eu and 241 Am were added. After pH of aqueous phase was adjusted with NaOH and HClO 4 solutions in 25 mL vial, equal volume of the organic phase were added. The vial was shaken in a thermostatic water bath (25 ± 1
• C) for 30 min. After centrifugation and phase separation, the pH value of the equilibrated aqueous phase was measured with a Φ72 pH meter (Beckman Instruments Inc.). The activities of 241 Am and 152 Eu were measured with a well-type HPGe gamma detector (Canberra Corp.). The distribution ratios, D, of Am(III) and Eu(III) were determined. Duplicate experiments indicate that the reproducibility of the measurements was within 1% (0.01 < D < 100) or 5% (D < 0.01 or D > 100).
Extraction of macro amounts of lanthanides
The aqueous solution was prepared by dissolving a certain quantities of Eu(ClO 4 ) 3 in 1 mol/L NaClO 4 solution, in which tracer amounts of 147 Nd, 152 Eu, 170 Tm and 241 Am were added. The extraction procedures were the same as that of extraction of tracer amounts of Am(III) and Eu(III).
Extraction of lanthanides
A mixture solution, which comprised 1241 ppb La(III), 1261 ppb Ce(III), 1209 ppb Pr(III), 1267 ppb Nd(III), 1219 ppb Sm(III), 1274 ppb Eu(III), 1227 ppb Gd(III), 1236 ppb Tb(III), 1155 ppb Dy(III), 1276 ppb Ho(III), 1207 ppb Er(III), 1199 ppb Tm(III), 1206 ppb Yb(III), 1200 ppb Lu(III) and 0.1 mol/L NaClO 4 , was prepared with the standard lanthanides(III) solutions. The organic phase and the extraction procedures were the same as the extraction of radionuclides Am(III) and Eu(III). After phase separation, the organic solution was backextracted by 4 mL 0.2 mol/L HClO 4 solution. The backextraction procedure was repeated three times, and the back extraction solutions were blended together. Took 2 mL of the aqueous phase (or 6 mL back extraction solution) into a 25 mL vial, and 1 mL 125 ppb Cs solution was added, then the solution was diluted by deionized water to 25 mL and analysed with the ICP-MS (Finnigan MAT Corp.).
Synthesis of octylphenyl dithiophosphinic acid
Dissymmetric organo dithiophosphinic acid (containing two different organic groups) can not be synthesized by the method used for synthesization of dialkyldithiophosphinic acid. A synthesis method was proposed and shown in Fig. 1 . The procedures proposed are as follows:
Under nitrogen atmosphere, anhydrous AlCl 3 , PCl 3 and benzene (molar ratio is 1.05 : 3 : 1) are heated and refluxed for 4 h, then 1 mol C 5 H 5 N at 50
• C is added, and the mixture is distilled under reduced pressure (2.7 × 10 2 Pa, 92-94 • C). After that, about 58 g orange liquid (C 5 H 5 PCl 2 ) is obtained. 43.8 g HN(C 2 H 5 ) 2 is added slowly into 53.7 g C 5 H 5 PCl 2 (in 400 mL anhydrous ether) at −70
• C, then refluxed for 1 h.
Under nitrogen atmosphere, 0.1 mol (C 2 H 5 ) 2 NPCl(C 6 H 5 ) in 50 mL anhydrous ether is slowly added into the Grigard reagent made from 0.2 mol octylbromide and 0.2 mol magnesium filings in 100 mL anhydrous ether. Stirring at ambient temperature for two hours, then the mixture is slowly poured into 200 mL cooled dilute H 2 SO 4 solution. After the ether phase is separated, the solvent is vaporized. Then 300 mL hydrochloric acid (1 : 1) is added, and refluxed for 12 h. The reaction mixture is extracted with 40 mL ether, repeat the extraction procedures three times. The ether phase is dried with anhydrous NaSO 4 and vaporized under vacuum. Then about 45 g buff oil is obtained (crude (C 8 H 17 )(C 6 H 5 )P(O)H). The following procedures are the same as that of preparation of dialkyl dithophosphinic acid reported by Tian [7] . The total yield is 7%. 
Results and discussion
Extraction of Am(III) and Eu(III) with 15 kinds of extractants
The results of the extractions of tracer amounts of Am(III) and Eu(III) from 0.1 mol/L NaClO 4 with 15 kinds of ex- 
is EH-(III) > BA-(I) > EH-(IV) > EH-(II), and extraction selectivity for Am(III) is BA-(I) > EH-(II) > EH-(III) > EH-(IV)
. Dithiophosphinic (or dithiophosphoric) acids, in which two O atoms are substituted by S atoms, are softer than monophosphinic (or monophosphoric) acids, in which only one O atom is replaced by S atom. Furthermore, Am(III) is 'softer' hard-acid compared with Ln(III). So the extraction powers of BA-(I) and EH-(II) are weaker than EH-(III) and EH-(IV), respectively, and the SF Am/Eu of BA-(I) and EH-(II) are higher than those of EH-(III) and EH-(IV), respectively. In phosphinic acid, P atom connects to two C atoms, whose capabilities of attracting electron are weaker than those of two O atoms in phosphoric acid. The density of electron cloud around S atoms in phosphinic acid is greater than that in phosphoric acid. So phosphinic acids are softer than phosphoric acids. For this reason, the extraction selectivities of BA-(I) and EH-(III) are better than those of EH-(II) and EH-(IV), respectively. The results of extration with 'Ethylhexyl series' extractants show that the extraction selectivities of dithiophosphinic (or dithiophosphoric) acids are better than those of monothiophosphinic (or monophosphoric) acids, and the extraction selectivities of phosphinic acids for Am(III) are better than those of phosphoric acids. It implies that the dithiophosphinic acids may be the most promising extractants for separating An(III) from Ln(III). It is not only an important conclusion of this paper, but also a basic idea of the present work.
The order of the extraction powers of four extractants containing straight chain alkyl groups for Am(III) and Eu(III) is SA-(IV) ≈ SA-(II) > SA-(III) > SA-(I), and the order of extraction selectivities for Am(III) is SA-(II) > SA-(III) > SA-(I) > SA-(IV). The extraction power does not simply rely on the number of carbon atoms in the alkyl, maybe two or more properties of straight chain alkyl extractants, such as molecular weight and aqueous dissolubility, and so on, affect the extraction power jointly. The results also shows that straight chain alkyl extractants with C-7 and C-8 alkyl have better extraction selectivity for Am(III).
For extractants of 'Branch chain alkyl series', the order of extraction powers is BA-(I) > SA-(III) > BA-(II), and the order of extraction selectivities for Am(III) is BA-(II) > BA-(I) > SA-(III). The extraction capability of BA-(I) is the highest among three extractants. That can be attributed to the higher solubility of BA-(I) in organic solvent. Because the capabilities of donating electron increase in order of n-octyl, 2-ethylhexyl and 1-methylheptyl, the densities of electron cloud around S atoms become heavier in the same order, and the extractants become softer in order of SA-(III), BA-(I) and BA-(II). Namely, BA-(II) is the softest extractant in these there extractants, and its SF Am/Eu also is the highest.
For 5 kinds of diaryl dithiophosphinic acids, the order of extraction powers for Am(III) and Eu(III) ions is Ar-(V) > Ar-(II) > Ar-(III) > Ar-(IV) > Ar-(I). The order of extraction selectivity for Am(III) is Ar-(IV) > Ar-(III) > Ar-(I) > Ar-(II) > Ar-(V). That implies the diaryl dithiophosphinic acid when whose benzene ring connected to attracting electron group (−Cl), has a weaker extraction power, and better separation capability. On the other hand, the diaryl dithiophosphinic acid when whose benzene ring connected to offering electron group (−CH 3 ), has a stronger extraction power, and bad separation capability. The fact that extaction power of Ar-(I),whose one methyl linked to the second C atoms in benzene rings, is less than other extractants, can be attributed to its strong steric hindrance.
Based on pH 1/2 and FS Am/Eu , the orders of the extraction power and extraction selectivity for Am(III) are all Ar-(III) > OP-(I) > SA-(III). It implies that diaryl dithiophosphinic acids have a better extraction performance compared with dialkyl dithiophosphinic acids.
Effect of extraction conditions on the slopes of lg D-pH and lg D-lg[Extractant]
As can be seen from Table 4 , for all those extractants the slope values of straight lines of lg D vs. pH and lg D vs. lg [Extractant] are not integers, and the slope values for Am(III) are slightly higher than those for Eu(III). Obviously, the nonintegral slope values for Am(III) and Eu(III) indicate that the extraction complexes formed are not only one, namely, the extraction mechanism is very complicated. It is in contrast to dialkylphosphinic and dialkylphosphoric acids, whose slope values of lg D-pH are close to 3. The difference between the slope values for two trivalent ions indicates that extraction mechanism for Am(III) is differ from that for Eu(III). Therefore large sepration factors were obtained at high pH value.
It is interesting that the slope values change with extraction conditions. When the concentration of EH-(II) are 2 mol/L, 1 mol/L, 0.1 mol/L or 0.01 mol/L, the slope values of lg D-pH curves are 2.79, 2.76, 1.5, 1.2, respectively (Fig. 4) of EH-(II) is around 1 mol/L, the plot of lg D vs. pH is a straight line with the slope close to 3, and the slope value of lg D-lg[Extractant] is 2. Therefore for EH-(II) in xylene, the extraction reaction with Tm(III) can be described as Eq. (1), where the subscripts aq and org refer to the aqueous and organic phases, respectively. The logarithm of extraction constant, lg K ex , derived from Eq. (1) extraction complex is formed and the extraction mechanism is complicated. However Zhu et al. reported that the slope values of lg D-pH curves were close to 3 [5] , which may be due to a high concentration of purified Cyanex 301 (0.5 mol/L) being used.
According to the experimental results (Figs. 4 and 6) , the relationship between the slope value and extraction conditions can be described as an experiential formula Eq. 
Effect of macro amounts of Ln(III) on extraction separation
In the presence of macro amounts of Eu(ClO 4 ) 3 , the extraction of Am(III) and Eu(III) from 0.1 mol/L NaClO 4 solution with EH-(II) was performed. Fig. 8 shows the relationship between lg D and concentration of Eu(ClO 4 ) 3 . The results indicate that SF Am/Eu will increase with concentration of Eu(ClO 4 ) 3 . While Eu(ClO 4 ) 3 concentration becomes more than 3.2 × 10 −2 mol/L, the distribution ratios of both Am(III) and Eu(III) decrease rapidly, but the SF Am/Eu increases gradually and the maximum SF Am/Eu is 5.0. Therefore, a high SF Am/Eu can be obtained by increasing the concentration of lanthanide ion.
Under constant concentration of Eu(ClO 4 ) 3 , the dependence of lg D on pH value of aqueous phase is shown in Fig. 9 . The slope of lg D-pH curve for Am(III) is equal to 1, which is similar to extraction of trace amounts of Am(III), but the lg D-pH curves for Eu(III), Tm(III) and Nd(III) are approximate to horizontal lines. This implies that in the presence of macro Eu(ClO 4 ) 3 the extraction mechanism of Am(III) is not changed, but the extraction mechanisms of Eu(III), Tm(III) and Nd(III) are remarkably changed. When Table 5 lists the results for Am(III), Nd(III), Eu(III) and Tm(III) with different concentrations of EH-(II), which had been saponified and the saponification degree was 37.5%. It can been seen from Table 5 that the distribution ratios of all four ions decrease as concentration of EH-(II) reduces, but inversely the separation factors increase.
With a computer program designed by our group, an experiential formula Eq. (3) has been obtained, which can been expressed as:
where C HL , C Eu , D Eu , SF Am/Ln and B refer to the concentration of extractant, concentration of Eu(ClO 4 ) 3 , distribution ratio of Eu(III), separation factor between Am(III) and Eu(III) and a constant which relates to the extraction equilibrium constants, respectively. This formula can well describe the extraction results showed in Table 5 and Fig. 9 . For example, the separation factors between Am(III) and Eu(III) in Table 5 It can be seen from this formula that the separation factor increases with the decreasing of concentration of extractant, or the increasing of concentration of Eu(ClO 4 ) 3 . The pH value affects D Eu and whereat affects indirectly the separation factor. Especially, when D Eu is far less than 1, it affects the separation factor remarkably (see Fig. 9 ).
Effect of extraction medium on the SF Am/Eu
In Tian's paper [7] , the separation factors (SF Am/Eu ≈ 1 × 10 4 ) obtained with three kinds of dialkyl dithiophosphinic acids (alkyl = n-octyl, 1-methylheptyl, 2-ethylhexyl) are far higher than the SF Am/Eu listed in Table 4 . Considering the dialkyl dithiophosphinic acids were synthesized in different laboratories, the impurities were different in extactants and that might affect the behaviors of extraction. The extraction experiments were conducted with BA-(II) provided by Tian under the same extraction conditions described above (see Fig. 10 ). The SF Am/Eu calculated from Fig. 10 is 6 .3. It means that the difference between two separation factors is not due to the impurities in extractants. At the same extraction conditions reported by Tian [7] , the extraction with di(2-eythylhexyl) dithiophosphinic acid which was synthesized in our laboratory was carried out. The results are depicted in Fig. 11 , and the highest SF Am/Eu is approximately 2500, which is still smaller than that of Tian's, but it should be mentioned that the present separation factor is directly obtained from the extraction experiment while the Tian's SF Am/Eu was calculated by K ex Am /K ex Eu . The results indicate that the extraction conditions have a remarkable effect on the separation factor.
Recently, a new class of sulfur-containing symmetricallysubstituted bisphosphonic acid, p, p -di(2-ethylhexyl) methenebisthiophosphonic acid, were being synthesized and evaluated for the separation of Ln 3+ and An 3+ . With the aqueous phase of 1.0 mol/L (H, Na)ClO 4 was used in extraction experiment, Am 3+ and Eu 3+ were extracted with nearly equal efficiencies [20] .
Using 0.1 mol/L NaClO 4 solution as aqueous phase, the separation factors with organo dithiophosphinic acids containing different alkyls are lower but obviously different, so that the effect of alkyl group on separation factor can be well compared. In contrary to that when using 1.0 mol/L NaNO 3 as aqueous phase, the SF Am/Eu values of SA-(III), BA-(II) and BA-(I) are very high and close, so that the effect of alkyl group structure of the extractants on SF Am/Eu is concealed. It is why the NaClO 4 medium is used in present paper. The lg D increases with atomic number for Ar-(I), Ar-(II), Ar-(III) [9] , Ar-(IV) [10] , Ar-(V), OP-(I), SA-(III), BA-(I) and BA-(II). It can be explained that the posterior lanthanides(III) with smaller ion radii can form a more stable complex with the ligands owing to static electricity effect. But it is interesting that the lg D for SA-(I) and SA-(II) increases at first and decreases when Z becomes high, and the lg D shows little change with Z for SA-(IV). This phenomenon implies that extractants with straight chain alkyl have some unknown special properties compared with the other organic phosphinic acids. The extraction selectivity for Am(III) with dithiophosphinic (or phosphoric) acids is better than that with monothiophosphinic (or phosphoric) acids. Whereas, the extraction selectivity for Am(III) with phosphinic acids is better than that of phosphoric acids. Using dialkyl dithiophosphinic acids containing branch chain alkyl the separation selectivity for Am(III) is higher than those containing straight chain alkyl. Diaryl dithiophosphinic acids have a better extraction performance than dialkyl dithiophosphinic acids. The diaryl dithiophosphinic acid whose benzene ring connected to attracting electron group has a better separation capability, on the other hand, whose benzene ring connected to offering electron group (−CH 3 ) has a stronger extraction power, but bad separation capability. Two methods can be used to increase the separation factors between Am(III) and Ln(III). One is adding attracting electron group on benzene ring, but this method decreases the extraction power. The other is adding branch alkyl group to alkyl chain, especially to the first C atom in alkyl group.
Extraction of lanthanides(III)
In the presence of macro amounts of Eu(ClO 4 ) 3 , the formula, lg SF Am/Eu = B − 2 lg(C HL − C Eu D Eu /(D Eu + 1)), can well describe the relationship between separation factor and the extraction conditions. The separation factor increases with decreasing of the concentration of extractant, or increasing of the concentration of Eu(ClO 4 ) 3 . The pH value affects D Eu and whereat affects indirectly the separation factor. Especially, when D Eu is far less than 1, it affects the separation factor remarkably.
A high separation factor (SF Am/Eu = 2500) is obtained by solvent extraction with 0.5 mol/L BA-(I) in toluene from 1 mol/L NaNO 3 solution. The effect of extraction conditions on separation factor is very remarkable.
